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Adsorption of Zn on the GaAs(001)-(234) surface has been studied by reflection high-energy
electron diffraction~RHEED! and total-reflection-angle x-ray spectroscopy in real time. Adsorption
sites of Zn atoms on the (234) surface have been determined using rocking-curve analysis of
RHEED. The exposure of the (234) surface to a Zn beam results in the preferred adsorption of Zn
at Ga-vacancy sites in the missing dimer trenches of the (234) unit cell. The amount of adsorbed
Zn atoms under a Zn flux has been estimated to be;0.50 and;0.20 monolayers at 200 and 250 °C,


























































chThe system of ZnSe/GaAs is of increasing interest,
cause of their application in blue-green laser diode dev
operating at room temperature. Elimination of grown-in d
fects in ZnSe films has always been the most important is
for the improvement of the lifetime of the devices.1 Numer-
ous studies have shown that the density and the type of
fects in the ZnSe film strongly depend on the initial grow
condition; starting on a Ga-stabilized or an As-stabiliz
GaAs~001! surface, with either Zn or Se deposited first.1–5 It
is now widely recognized that the optimal method to su
press the defect generation at the ZnSe/GaAs interface i
initial exposure of the As-stabilized GaAs(001)-(234) sur-
face to a Zn beam prior to ZnSe growth. With this metho
defect densities as low as 104 cm22 are reproducibly
achieved.3
In order to understand the role of Zn in suppressing
defect generation at an atomic level, information about
amount and adsorption site of Zn atoms on the (234) sur-
face is indispensable. Previous x-ray photoelectron spec
copy ~XPS! measurements have shown that Zn atoms hav
a submonolayer coverage are adsorbed on the (234)
surface,6,7 while scanning tunneling microscopy~STM!
failed to detect the adsorbed Zn atoms.7,8 A structure model
of the Zn-adsorbed (234) surface, which should explain th
seemingly inconsistent results of XPS and STM, has
been established yet. In addition, what makes the situa
more complex is the fact that at typical temperatures
ZnSe growth~250–300 °C!, Zn atoms are desorbed partial
from the (234) surface prior to the analysis, as evidenced
this letter. Thus in order to probe the adsorption states of
in the actual growth conditions, real-time analysis is
quired.
This letter reports real-time observation of adsorpt
processes of Zn on the GaAs(001)-(234) surface. For this
purpose, reflection high-energy electron diffracti
~RHEED! and total-reflection-angle x-ray spectrosco
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~TRAXS! have been used. In TRAXS one detects charac
istic x rays emitted from a solid surface excited by a RHEE
beam.9 We have applied this technique to estimate t
amount of Zn on GaAs~001!. Adsorption sites of Zn on the
GaAs~001! surface have been determined using rockin
curve analysis of RHEED. Because of the grazing-angle
ometry of the electron gun and the x-ray detector, we
able to monitor the structure and composition of surfa
during deposition.
The experiments were performed in a dual-cham
molecular-beam-epitaxy~MBE! system equipped with the
RHEED, TRAXS, XPS, and STM apparatuses. After t
growth of an undoped homoepitaxial layer~;0.5 mm! on a
thermally cleaned GaAs~001! substrate~semi-insulating and
nominally on-axis!, the surface showed an As-stabilized (
34) reconstruction~b2 phase!. The sample was then trans
ferred via ultrahigh vacuum transfer modules to anot
MBE chamber for the deposition of Zn. The sample w
exposed to a Zn beam with a beam-equivalent pressur
3.031027 Torr at temperatures ranging from 200 to 300 °
For TRAXS measurements, the azimuthal angle betw
the direction of the incident electron beam and that of
emitted x rays detected by a Si~Li ! detector was fixed at 90°
The acceleration energy of the incident electron beam wa
keV. The take-off angle of the detected x ray was fixed
0.28° which is close to the critical angle for total reflection
the ZnKa line by GaAs. The azimuth and the glancing ang
of the incident electron beam are@110# and 2.0°, respec-
tively. RHEED rocking curves of the GaAs~001! surfaces
during the Zn deposition were measured along the@110# and
@11̄0# directions with an electron energy of 15 keV, using
charge-coupled-device camera with a microcomputer s
tem. The glancing angle of the incident electron beam w
changed using the extended beam rocking facility~Staib,
EK-35-R andk-Space, kSA400! with intervals of;0.03°.
When the GaAs(001)-(234) surface was exposed t
the Zn beam at substrate temperatures ranging from 20
300 °C, the RHEED pattern showed a slight but nota
change in its intensity.7,8 Figure 1 shows variations of ZnKa
~8.63 keV! intensity during the Zn deposition on th
GaAs(001)-(234) surface. Immediately after the Zn shutt
was opened, the ZnKa intensities increased abruptly an
became almost constant after 10–40 min. Such a slow
-
5 © 1999 American Institute of Physics









































2976 Appl. Phys. Lett., Vol. 74, No. 20, 17 May 1999 Ohtake et al.crease in the ZnKa intensities suggests that Zn has a ve
low sticking coefficient on the (234) surface. As shown
previously, x-ray intensities emitted from a growing film
the very initial stage of growth~e.g., a few ML in thickness!
are almost proportional to the amount of atoms deposited
a substrate surface.10 Thus the ZnKa intensities can be di-
rectly converted to the Zn coverage using that measu
from ZnSe~1 BL! film as a standard. The estimated Zn co
erages during the Zn deposition are 0.4760.05, 0.2160.03,
and 0.0760.01 ML, at 200, 250, and 300 °C, respective
Here, 1 ML of Zn is defined as 6.231014atoms/cm2, which
is the site-number density of the unreconstructed GaAs~001!
surface. When the Zn deposition was stopped, the ZnKa
intensity decreased in an exponential manner. This re
suggests that Zn atoms adsorbed on the (234) surface dur-
ing the Zn deposition are partially desorbed, even when
samples are quenched6–8 just after the Zn exposure prior t
the analysis.
With this information on the Zn coverage we now stu
the adsorption site of Zn using rocking-curve analysis
RHEED. The widely accepted structure model for the
34) surface~Fig. 2! contains two As dimers in the uppe
most atomic layer with a third As dimer situated in the th
atomic layer, within the trench formed due to missi
dimers.11,12 Because the trench sites within the dimer v
cancy rows are better coordinated, they are more likely to
occupied by Zn atoms than top-layer sites. However, si
STM does not provide any structural information in t
dimer vacancy row,8,13 it is difficult to know whether Zn is
present or absent at the trench site using STM.14 Rocking-
curve analysis of RHEED on the basis of the dynamical d
fraction theory15 is most suited to probe the position of Z
atoms of the trench sites.
Integrated intensities of RHEED were calculated by
multislice method.15 13 and 25 beams on the zeroth La
zone were used in the calculation with the incident elect
beam along the@110# and @11̄0# directions, respectively:~0
0!, ~6 12 0!,.....,~6
5
2 0!, and~63 0! for the@110# direction, and
~0 0!, (06 14),....., (0611/4), and (063) for the @11̄0#
FIG. 1. Variations in the intensities of the ZnKa lines during the exposure
of the GaAs(001)2(234) surface to the Zn beam. Lines are guides for t












direction. Details associated with RHEED calculations w
be published elsewhere.16
Shown by solid curves in Fig. 3 are RHEED rockin
curves obtained during the Zn deposition on GaAs(001)-(2
34) at 250 °C. These rocking curves were measured a
the ZnKa intensities were saturated as in Fig. 1. For t
structure analysis, Zn atoms were assumed to be adsorbe
the As atoms in the uppermost~A and B in Fig. 2! and third
atomic layers~C and D in Fig. 2!. In this calculation, both
the atomic coordinates and the coverage of Zn were tre
as fitting parameters. We also permitted the atomic rel
ation in the GaAs~001! substrate for the first~As! and second
~Ga! nearest neighbor atoms of the adsorbed Zn atoms, w
other atomic coordinates were fixed at those optimized
the cleaned (234) surface.16 Shown by dashed curves i
Fig. 3 are rocking curves calculated from the structural
rameters listed in a part of Table I. In this figure, most of t
features in the measured curves are well reproduced in
calculated ones. TheR factor for the optimized structure i
0.091, which shows an excellent agreement between the
FIG. 2. Surface reconstruction model for the GaAs(001)2(234) surface.
Adsorption sites are indicated by the letters A, B, C, and D.
FIG. 3. RHEED rocking curves~solid curves! measured from the
GaAs(001)2(234) exposed to the Zn beam at 250 °C. Curves~a!–~f! and
~g!–~i! are obtained from the@11̄0# and@110# directions, respectively. The
dashed curves are calculated for the fully optimized structure.












































2977Appl. Phys. Lett., Vol. 74, No. 20, 17 May 1999 Ohtake et al.periment and the calculation. Also shown in Table I are
results for the samples exposed to the Zn beam at 200 °C~the
rocking-curve data are not shown in this letter!. The amounts
of Zn atoms at 200 and 250 °C are estimated to be 0.501
0.178 ML, respectively. These values, solely determined
fitting the RHEED data, agree well with the values obtain
from TRAXS measurements~0.47 and 0.21 ML, respec
tively!.
As mentioned in the beginning of this letter, previo
STM observation failed to detect existence of Zn on the
34) surface,7,8 while XPS measurements have revealed t
Zn atoms are indeed adsorbed on the (234) surface.6,7 The
structure model obtained by RHEED analysis explains b
the STM and XPS results as follows. The RHEED resu
indicate that Zn atoms are favorably accommodated on
trench sites, and are not adsorbed on the first-layer As at
until the trench sites are occupied. Since STM observati
and XPS measurements in Ref. 7 were performed for
samples exposed to the Zn beam at 250 °C, it is most lik
that the Zn atoms on the (234) surface detected by XP
were those adsorbed on the trench sites, which could no
imaged by STM, as mentioned earlier.
In conclusion, we have studied the atomic structures
the Zn-adsorbed GaAs(001)-(234) surface using beam
rocking RHEED and TRAXS. The exposure of the (234)
surface to the Zn beam results in the preferred adsorptio
Zn on the trench site of the (234) unit cell with site occu-
TABLE I. Atomic coordinates~x, y, andz! and the site occupancies~u! of




200 °C 250 °C
x y z u x y z u
A 20.69 2.25 10.56 0.60 21.07 2.41 10.88 0.14
B 4.37 0.56 11.08 0.41 4.45 0.48 10.55 0.03
C 2.74 12.00 21.63 1.00 2.94 12.00 21.71 0.49
















pancies of;100% and;50% at 200 and 250 °C, respec
tively. We find that Zn atoms are hardly adsorbed on
first-layer As atoms until the trench sites are occupied. T
proposed model for the adsorption structure explains the
vious STM and XPS data in a consistent manner.
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